Single star progenitors of long gamma-ray bursts I. Model grids and redshift dependent GRB rate Yoon, S.C.; Langer, N.; Norman, C. 
Introduction
Rotation is known to affect the evolution of massive stars significantly, through the resulting centrifugal force and through rotationally induced chemical mixing (Maeder & Meynet 2000; Heger et al. 2000) . In particular, very efficient chemical mixing may persist in massive stars when the mixing time scale decreases below the thermonuclear time scale in very rapid rotators. In this situation, a strong chemical gradient can never be established. As a result, the star remains quasi-chemically homogeneous and evolves bluewards (Maeder 1987; Langer 1992 ), contrary to slower rotators which develop the classical core-envelope structure and evolve redwards. This chemicallyhomogeneous evolution scenario (hereafter, CHES) has been invoked to understand nitrogen-rich (Howarth & Smith 2001; Bouret et al. 2003; Walborn et al. 2004) , and helium-rich (Mokiem et al. 2006 ) massive main sequence stars in the Magellanic Clouds.
Only recently, the CHES is recognized as a promising path towards collapsars in connection with long gamma-ray bursts (GRBs). The collapsar scenario requires massive helium stars with rapidly spinning cores ( j > ∼ ∼10 16 cm 2 s −1 ; Woosley 1993 ). Stellar models computed with magnetic torques generally fail to retain such high core angular momenta  Tables 2-8 are only available in electronic form at http://www.aanda.org Petrovic et al. 2005) , while they can consistently explain the spin rates of young neutron stars ; cf. Ott et al. 2006 ) and white dwarfs (Suijs et al. 2006) , as well as the internal rotational profile of the Sun (Eggenberger et al. 2005 ). However, Yoon & Langer (2005, YL05) and Woosley & Heger (2006, WH06) showed that at low metallicity, quasi-chemicallyhomogeneous evolution of rapidly rotating massive stars can lead to the formation of rapidly rotating massive helium stars which satisfy all the requirements of the collapsar scenario even if the effect of magnetic torques is included. This is possible since mixing the hydrogen-rich envelope into the core rather than losing it to a wind avoids the angular momentum loss associated with mass loss (Langer 1998) , and avoiding a coreenvelope structure prevents the magnetic core-envelope coupling and the corresponding core spin-down.
The CHES for GRB progenitors predicts that GRBs should occur preferentially in metal poor environments (YL05; WH06), which seems to be confirmed by recent observations. Most GRB host galaxies appear to have sub-solar metallicity, even down to Z Z /100 (e.g. Fynbo et al. 2003; Conselice et al. 2005; Gorosabel et al. 2005; Chen et al. 2005; Starling et al. 2005; Fruchter et al. 2006; Fynbo et al. 2006; Stanek et al. 2006; Mirabal et al. 2006; Wiersema et al. 2006) . The use of GRBs as probes of star formation at high redshift thus demands a quantitative understanding of their low-metallicity bias, which to provide in the frame of the CHES is a major goal of this paper.
To this purpose, we present grids of stellar evolution models at Z = 0.004, 0.002, 0.001, and 0.00001, for rotating magnetized stars in the initial mass range 12 ≤ M init /M ≤ 60, and with initial equatorial rotation velocities between zero and 80% of the Keplerian value (0 ≤ v init /v K ≤ 0.8). Our numerical methods are described in the next section (Sect. 2), and physics uncertainties are critically discussed in Sect. 3. In Sect. 4, we present the computed stellar evolution models, and discuss the final fate of massive stars as function of initial mass, rotational velocity and metallicity. The GRB rate as a function of metallicity and redshift following from our models is addressed in Sect. 5. After a discussion of our results in Sect. 6 we summarize our conclusions in Sect. 7.
Numerical methods and physical assumptions
We use the same hydrodynamic stellar evolution code as in YL05, which includes the effect of rotation on the stellar structure, transport of angular momentum and chemical species via magnetic torques and rotationally induced hydrodynamic instabilities, with several improvements. Uncertainties introduced by the processes discussed in this section are elaborated in Sect. 3.
Mixing
We adopt a larger value for the semi-convective mixing parameter (α SEM = 1.00) than in YL05 (where α SEM = 0.04). This choice facilitates comparison of our results with models of other groups as it yields stellar core sizes comparable to those of WH06, and of the Geneva group who adopts the Schwarzschild criterion (see discussion in Langer et al. 1985; Langer 1991) . Uncertainties involved with the value of α SEM are discussed in Sect. 3.4.
YL05 followed Heger et al. (2000) for the calibration of the efficiency of the rotationally induced chemical mixing, which was fit to observed surface nitrogen and helium abundances of Galactic O stars. However, as the current version of the code incorporates new physics such as the effects of magnetic torques (Petrovic et al. 2005 ) and the use of a larger semi-convection efficiency parameter, we re-calibrated the mixing efficiency accordingly. Specifically, a larger value for the correction factor for the effect of mean molecular weight gradients on rotational mixing ( f µ = 0.1) is now employed, compared to the previously used value ( f µ = 0.05; Heger et al. 2000) .
As shown in Fig. 1 , at core hydrogen exhaustion in models with an initial equatorial rotation velocity of v init = 200 km s −1 , the use of f µ = 0.1 gives surface abundances of nitrogen and helium comparable to those in the corresponding models by Heger et al. with their fiducial value of f µ = 0.05 (i.e., Y s = 0.29 ∼ 0.40 and log N/N init = 0.5 ∼ 0.9 for M init = 20 ∼ 60 M ). In the same figure, we also compare our result with a magnetic model of : for f µ = 0.1, the surface helium enrichment at core hydrogen exhaustion in a sequence with M init = 15 M and v init = 300 km s −1 is just slightly less in our model (Y s = 0.299) compared to Maeder & Meynet (Y s = 0.310).
Mass loss
We follow Kudritzki et al. (1989) for computing the stellar wind mass loss of hot, hydrogen rich stars, with a metallicity dependence ofṀ ∝ Z 0.69 , as suggested by Vink et al. (2001) . Here Z is the surface mass fraction of all metals, where the enrichment of CNO elements due to rotationally induced mixing is also taken into account.
Wolf-Rayet (WR) wind mass loss rates are calculated according to Hamann et al. (1995) , but reduced by a factor of 10, and including a metallicity dependence ofṀ ∝ Z 0.86 init (Vink & de Koter 2005; see 
As recent studies indicate that iron is likely the most important element for driving WR winds (Vink & de Koter 2005; Gräfener & Hamann 2005) , YL05 and WH06 scaled the WR wind mass loss rates with the initial metallicity, as in the above equation. However, an enhancement of the CNO abundances at the surface to values higher than the initial metallicity (i.e. due to primary production) will also lead to enhanced WR winds, in particular at very low initial metallicity (e.g. Vink & de Koter 2005) . As there exist no self-consistent WR wind models considering this effect, here we simply assume that the effective WR mass loss rateṀ * WR increases linearly with the surface CNO abundance as follows: 
Here Z is the total mass fraction of all metals at the stellar surface. With this assumption, WC stars with X CNO = 0.5 and X He = 0.5 have an about 10 times higher mass loss rate than WN stars with Z = Z init . This choice is based on the results by Vink & de Koter (2005) , which show that mass loss rates of WC stars with X C = 0.5 and X He = 0.5 are larger by an order of magnitude than those of WN stars when X Fe → 0. However, this prescription cannot represent the non-linear behavior of WR mass loss rates as a function of surface abundance of heavy elements that is shown by Vink & de Koter, and must be regarded ad-hoc. Uncertainties due to this parameter are discussed in Sect. 3.2.
In the present study, we apply the above WR wind mass loss rates to stellar models with a surface helium mass fraction of Y s ≥ 0.7, Kudritzki's mass loss rate for Y s ≤ 0.55, and we interpolate between the two for 0.55 < Y s < 0.7.
Core angular momentum threshold for GRBs
Within the collapsar scenario, the production of a GRB may be expected if those stars which undergo quasi-chemically homogeneous evolution retain enough angular momentum in the core. But it is currently uncertain exactly how much specific core angular momentum is required (MacFadyen & Woosley 1999; WH06; Lee & Ramirez-Ruiz 2006) . Usually, the specific angular momentum for the last stable orbit around a black hole of a given mass (:= j LSO , Table 1 ; see Bardeen et al. 1972 ) is adopted. The presence of magnetic fields may reduce the critical value by about 20-30% (Proga et al. 2003; Proga 2006, private communication) .
It is also uncertain whether GRB jets could be produced even if the innermost core ( < ∼ 2−3 M ) has a smaller angular momentum than j LSO , but when material further above has larger angular momentum (see WH06). Here, we assume that GRBs would be produced if any part of the CO core has a specific angular momentum larger than j LSO (see, however, discussions in Sect. 4). Too large angular momenta ( j 10 17 cm 2 s −1 ) in the innermost region of ∼3 M may also prevent the formation of powerful jets (MacFadyen & Woosley 1999) , but none of our models retains such large amounts of angular momentum in its core.
Uncertainties of the adopted physics
Note that the adopted physical assumptions in the present study differ from those in YL05 and WH06 in several respects. Firstly, we consider the effect of surface enrichment of CNO elements on WR winds as in Eqs. (2) and (3), while YL05 and WH06 do not. Secondly, we adopt faster semi-convection than in YL05 as explained above, but this new choice is comparable to the semiconvection efficiency employed by WH06. Thirdly, we consider the effect of the centrifugal force on the stellar structure as in YL05, but WH06 did not. However, the prescription of the angular momentum transport used in the present study is the same as that in YL05 and WH06.
As the pre-supernova stellar structure could be significantly affected by different physical assumptions, a good understanding of their influence on the stellar models is useful when applying our models to predict the cosmic GRB rate. In the following, we discuss the influence of the major assumptions on stellar evolution models.
Angular momentum transport
Our code employs the transport of angular momentum due to Eddington-Sweet circulations, shear instability, Goldreich-Schubert-Fricke instability, and magnetic torques according to the Spruit-Tayler dynamo, as explained in Heger et al. (2000) and Petrovic et al. (2005) . The transport process is approximated as diffusion, as the full consideration of the interaction between the Eddington-Sweet circulation and the Spruit-Tayler dynamo ) requires solving a 4th-order differential equation, which is too expensive in computing time (Meynet 2006, private communication) . Under most circumstances, the magnetic torques dominate the internal transport of angular momentum. Although recent models including the Spruit-Tayler dynamo show that predicted spin rates of stellar remnants (neutron stars and white dwarfs) are consistent with observations Suijs et al. 2006) , the order-of-magnitude estimate of the diffusive viscosity due to magnetic torques by Spruit (2002) might still be uncertain Spruit 2006 ).
To explore this uncertainty, we make simple experiments by introducing a free parameter f ν,mag such that
where ν ST is the magnetic viscosity according to Spruit (2002) , and ν mag is the magnetic viscosity used in the code. Three different values of f ν,mag are used with two different initial models, as summarized in Table 2 . Sequences TA1, TA2 and TA3 start with the same 16 M ZAMS model with an initial equatorial rotation velocity of 30% of the Keplerian value (v init /v K = 0.3) and Z = 0.02, with f ν,mag = 1.0, 0.1, and 0.01, respectively (see Fig. 2 ). Interestingly, a decrease of the magnetic viscosity by one order of magnitude leads to an increase of the specific angular momentum in the innermost 1.4 M by only a factor of two (compare TA1 and TA2; TA2 and TA3) , and a decrease of f ν,mag by two orders of magnitude to an increase of j 1.4 M by just a factor of four (compare TA1 and TA3), evaluated at core neon burning. This remarkable insensitivity of the core spin to f ν,mag is due to a self-regulation of the Spruit-Tayler dynamo: a smaller f ν,mag leads to a stronger degree of differential rotation, which in turn enhances the effective magnetic viscosity, and vice versa. Compared to non-magnetic models (Seq. TA4) -where the transport of angular momentum is dominated by Eddington-Sweet currents and shear instabilities (cf. Heger et al. 2000) , magnetic models have less core angular momentum by more than one order of magnitude, for all considered values of f ν,mag (see also Fig. 2 ). The influence of f ν,mag becomes even less important in that part of the parameter space where the CHES may produce GRBs, i.e. at low metallicity and rapid rotation. In sequences TB1, TB2 and TB3 (M init = 30 M , v init /v K = 0.6 and Z = 0.002), a decrease in f ν,mag by 100 results in a core angular momentum increase of only 80% (compare TB1 and TB3 in Table 2 , Fig. 2 ), evaluated during core oxygen burning. In these sequences, the stars undergo chemically homogeneous evolution, and the reduced sensitivity of the final core angular momentum to the parameter f ν,mag compared to sequences TA1-TA3 is due to the fact that any magnetic core-envelope coupling is rendered insignificant since the formation of a clear core-envelope structure is avoided altogether (see discussions in YL05).
Wolf-Rayet winds
We consider the effect of CNO surface enrichment on WR winds through the factor w CNO in Eq. (2). A comparison of sequence TA1 (Table 2) , where this effect is neglected, with sequence A30f0.6h (Table 5 ), shows that the inclusion of w CNO leads to little changes in final mass and core angular momentum. However, its effect becomes larger for higher initial masses as revealed by comparing sequences TC1 and A40f0.6h: the CO core in sequence TC1 retains ten times more angular momentum in the CO core than in sequence A40f0.6h. Given that using the factor w CNO according to Eq. (3) is rather ad-hoc, future systematic and self-consistent studies of the effect of surface abundance changes on the WR mass loss are highly desirable.
The adopted dependence of the WR wind mass loss rates on the WR star luminosity according to Hamann et al. (1995) may also need further investigation, as Hamann et al. did not consider the effect of clumping of WR winds. The effect of anisotropic mass loss from WR stars due to rotation (cf. Maeder & Meynet 2000) is another important factor to be carefully studied, as GRB progenitors must be rapidly rotating. Currently it is difficult to quantify the uncertainty due to these effects, and the WR winds remain as one of the most uncertain physics ingredients in our models.
The effect of the centrifugal force
Our models include the effect of the centrifugal force on the stellar structure following Endal & Sofia (1976; see also Meynet & Maeder 1997) . Although this effect is not considered in WH06, it has non-negligible consequences in our GRB progenitor models. As indicated in Table 2 , the 30 M initial model at v init /v K = 0.6 has a higher equatorial rotational velocity and total angular momentum when the centrifugal force is neglected (Seq. TB4), compared to the case where it is considered (Seq. TB1), due to the change of the stellar structure and the corresponding adjustment of the moment of inertia.
Non-centrifugally-supported models are also more compact and hotter, leading to more efficient rotationally induced chemical mixing, and to less angular momentum loss for a given amount of mass loss. As a consequence, the core retains more angular momentum in sequences TB4 and TB6 than in sequence TB1.
More efficient mixing in sequences TB4 and TB6 also results in a smaller helium envelope during the WR phase than in sequence TB1. If the effect of surface enrichment of CNO elements on WR winds (i.e., w CNO in Eq. (2)) is considered as in TB5 and TB7, the faster chemical mixing without the centrifugal effect leads to the loss of much more mass and angular momentum during WR phase than in the corresponding sequence A30f0.6h (see Table 5 ), where both, the centrifugal term and w CNO , are included.
Semi-convection
The efficiency of semi-convective mixing in massive stars is currently not well constrained (e.g. Langer 1991). Model properties at Z = 0.001 with slow semi-convection (α SEM = 0.04) are presented in Table 3 , and corresponding models with fast semiconvection (α SEM = 1.0) are shown in Table 6 .
A comparison of the two cases reveals remarkable differences, in particular for the sequences which undergo chemically homogeneous evolution. As the use of slower semi-convection results in smaller CO cores and larger helium envelopes in the WR phase, the CO core is significantly more slowed down by the magnetic core-envelope coupling in this case, in particular for models with lower initial masses (M init ≤ 20 M ). Therefore, the lower initial mass limit for GRB production shifts to higher initial masses when slower semi-convection is used.
At higher masses, on the other hand, less efficient mixing of CNO elements to the surface leads to the loss of less mass and angular momentum, and more angular momentum is The solid line divides the plane into two parts, where stars evolve quasi-chemically homogeneous above the line, while they evolve into the classical core-envelope structure below the line. The dotted-dashed lines bracket the region of quasi-homogeneous evolution where the core mass, core spin and stellar radius are compatible with the collapsar model for GRB production (absent at Z = 0.004). This GRB production region is divided into two parts, where GRB progenitors are WN or WC/WO types. To both sides of the GRB production region for Z = 0.002 and 0.001, black holes are expected to form inside WR stars, but the core spin is insufficient to allow GRB production. For Z = 0.00001, the pair-instability might occur to the right side of the GRB production region (see Heger et al. 2003) , although the rapid rotation may shift the pair instability region to larger masses. The dashed line in the region of non-homogeneous evolution separates type II supernovae (SN II; left) and black hole (BH; right) formation, where the minimum mass for BH formation is simply assumed to be 30 M (see, however, Heger et al. 2003 , for a comprehensive discussion on the issue).
retained in the core than in the corresponding cases with fast semi-convection (compare T30f0.4h, T30f0.5h and T30f0.6h with B30f0.4h and B30f0.5h), thus moving the upper limit for GRB production at Z = 0.001 to larger initial masses.
In conclusion, slower semi-convection shifts both the lower and upper initial mass limits for GRB production, to higher values: for Z = 0.001, the mass range of GRB production is 12 M < M init ≤ 30 M with α SEM = 1.0, and 20 M < M init ≤ 40 M with α SEM = 0.04. In addition, GRB progenitors have a more massive helium envelope for slower semi-convection, on average.
Model grids and the final fate of massive stars
With our fiducial assumptions described in Sect. 2, stellar model sequences are calculated, for various initial masses (12 < ∼ M init /M < ∼ 60) and rotational velocities (0.0 Tables 4-7 . In those tables, the sequences which undergo the quasi-chemically homogeneous evolution are indicated with "h" in the sequence number, while "n" is the corresponding label for normal evolution. Here, a sequence is defined as evolving quasichemically homogeneously when the star becomes a WR star with Y s > 0.7 during core hydrogen burning.
Based on the numerical results, we summarize the expected final fate of our models for each metallicity in the plane spanned by the initial mass and the initial fraction of the Keplerian value of the equatorial rotational velocity in Fig. 3 .
As discussed by Maeder & Meynet (2000) , the time scale of Eddington-Sweet circulations is proportional to Kelvin-Helmholtz time scale (t KH ) at a given ratio of the rotational velocity over the Keplerian velocity (i.e.
2 ). The Eddington-Sweet circulations are generally not spherically symmetric, and only their interaction with the baroclinic instability -which is essentially horizontal, and acts on the dynamical time scale -allows to pursue the computation of one-dimensonal rotating models (cf. Heger et al. 2000) . I.e., the adoption of the isobaric surfaces as coordinate system implies an instant horizontal homogenisation of the chemical composition. A non-linear treatment of the interaction of the Eddington-Sweet circulations and the baroclinic instability with the magnetic fields is desirable, but not available yet . This is to be kept in mind in the following discussion.
The Kelvin-Helmholtz time scale of main sequence stars decreases with increasing mass (Fig. 4) . Although the hydrogen burning time (t MS ) also becomes smaller for higher initial masses, t KH usually decreases more rapidly than t MS in more massive stars, as shown in Fig. 4 . This tendency is, in part, responsible for more efficient chemical mixing in higher mass stars (cf. Maeder & Meynet 2000) . In addition, the entropy barrier becomes weakened in more massive stars due to the increased role of radiation pressure. These two effects result in more efficient mixing in higher mass stars, at a given v init /v K . This explains why the threshold value of v init /v K for chemically homogeneous evolution (:=(v init /v K ) crit,CHEV ) decreases with increasing initial mass, at a given metallicity.
Stars become significantly more compact as the metallicity becomes lower, while the change in luminosity is small. The thermal time thus increases with decreasing metallicity as shown in Fig. 4 , and the diffusion coefficient for the chemical mixing by Eddington-Sweet circulations (D mix,ES ) decreases accordingly. However, the value of (v init /v K ) crit,CHEV remains to be nearly the same for all considered metallicities (Fig. 3) , instead of increasing with decreasing metallicity. This can be ascribed to the following two factors. Firstly, the chemical mixing time itself ( R 2 /D mix ) does not significantly change with decreasing metallicity, due to the reduced stellar size. Secondly, the spin-down effect due to stellar wind mass loss becomes more important in stars at higher metallicity, which tends to slow down the chemical mixing. The latter becomes particularly important at solar metallicity (Z = 0.02), and (v init /v K ) crit,CHEV largely increases compared to the sub-solar metallicities considered in the present study (cf. YL05).
The regions of GRB production in Fig. 3 are determined according to the amount of angular momentum in the CO core of the corresponding models (cf. Sect. 2). In stars which undergo chemically homogeneous evolution, the CO core is spun down mainly by two factors: stellar wind mass loss and magnetic core-envelope coupling. At Z = 0.004, angular momentum loss due to WR winds is so significant that the cores of the corresponding models retain only about 20% of the necessary angular momentum to produce a GRB. For lower metallicities (Z = 0.002, 0.001, and 0.00001), the lower limit of the initial mass for GRB production is largely determined by the coupling between the helium envelope and the CO core by magnetic torques during the CO core contraction, as the ratio of the helium envelope mass to the CO core mass becomes larger for lower initial masses (see Tables 5-7 ). The upper limit of the initial mass for GRB production is mainly determined by the WR wind induced spin-down, for the cases of Z = 0.001 and 0.002. At Z = 0.00001, on the other hand, the rapidly rotating stars with M > ∼ 60 M form CO cores of M > ∼ 40 M , which may be unstable to the pair instability (cf. Heger et al. 2003 ). The precise CO core mass limit for the pair instability must be a subject of future study, as it may increase with higher core angular momentum (Glatzel et al. 1985) .
The prediction for GRB production in Fig. 3 is based on the assumption that GRBs are expected if any part of the CO core has a higher specific angular momentum than j LSO , as explained in Sect. 2. If we require instead that the innermost 2−3 M should have a specific angular momentum higher than j LSO , GRBs are expected only at Z < ∼ 0.001 according to our models. However, if the critical angular momentum for GRB production is reduced to about 80% of j LSO , e.g., by the effect of magnetic fields, the expected GRB progenitor regions in Fig. 3 do not change significantly even if we only consider the innermost 2−3 M region.
The Wolf-Rayet types of GRB progenitors in Fig. 3 are determined according to the surface abundance of nitrogen, carbon and oxygen: WC (WN) stars are defined as WR stars with X N < X C (X N > X C ). We find that for our models, this criterion for WN and WC is comparable to that adopted by Eldridge & Vink (2006; WC Tables 5 and 6 ). Some GRB progenitors at Z = 0.001 and 0.00001 are WO stars, which are defined as Y s ≤ X C +X O (see Tables 6 and 7 ; Eldridge & Vink 2006) . Interestingly, some GRB progenitors are predicted to be WN stars with a rather thick helium envelope (∆M He ≈ 2.0 M ). Although a very high initial rotation velocity (v init /v K ≥ 0.4) is required to produce such WN type GRB progenitors as they are mostly from relatively low mass stars (M init < 25−30 M ; see Fig. 3 ), some supernovae accompanied by long GRBs are expected to be of type Ib.
In Table 8 , the evolution of core angular momentum and magnetic fields is illustrated for GRB progenitor models with M init = 25 M at different metallicities. The numbers show a clear trend to stronger fields for lower metallicity, where the core rotation is faster. The obtained field strengths are up to two orders of magnitude larger than those obtained in the solar metallicity models of Heger et al. (2005) . This might imply a stronger effect of magnetic fields in gamma-ray bursts at lower metallicity.
The GRB rate throughout the cosmic ages
Within the CHES, the fraction of massive stars which forms a long GRB depends on the distribution function of initial Mokiem et al. (2006; Fig. 5 ). NGC 346 is particularly suited due to its young age (2-4 Myr), and low (SMC) metallicity, which renders potential angular momentum loss due to O star winds unimportant. As proto-stellar winds could play an essential role in the formation of massive stars, D(v init /v K ) might be a function of metallicity and stellar mass. However, in lack of better observational constraints, we assume it to be constant for all considered metallicities and masses. Figure 6 shows the predicted metallicity-dependent number ratio of GRBs versus core-collapse event (:= f GRB/SN ), using different adopted distribution functions for D(v init /v K ). Here we employ a Salpeter initial mass function (IMF). As also implied by Fig. 3 , the GRB/SN ratio increases with decreasing metallicity. For the polynomial fits in the figure, we assumed f GRB/SN −→ 0 at Z = 0.004, as our models at Z = 0.004 have a too low spin to produce collapsars, while a significant number of GRBs is still expected at Z = 0.002. At very low metallicity (Z < ∼ 10 −5 ), the upper mass limit for GRB production is not determined by the spin-down due to stellar winds, but by the CO core mass beyond which the star is susceptible to the pair instability. Therefore, f GRB/SN at Z < 10 −5 is not expected to Fig. 6 . The predicted number ratios of GRB progenitors over all massive stars (8 M < M < 100 M ) as a function of metallicity, obtained by folding the three different adopted distributions of v init /v K as given in Fig. 5 with the results of the stellar evolution grids as displayed in Fig. 3 . The connecting lines are polynomial fits.
Fig. 7.
Ratio of GRB versus core collapse supernova rate as a function of redshift, according to our GRB progenitor models. Note that the plotted ratio is independant of the adopted star formation history.
significantly differ from f GRB/SN at Z = 10 −5 . We thus assumed f GRB/SN to be constant at Z ≤ 10 −5 . In Fig. 7 , we show f GRB/SN as a function of redshift, which is estimated using the gamma-fit for D(v init /v K ) and the cosmic metallicity evolution model used by Langer & Norman (2006) . Our model predicts f GRB/SN ≈ 8 × 10 −4 locally, and f GRB/SN ≈ 5 × 10 −3 globally, which are consistent with estimates based on observations (e.g. Podsiadlowski et al. 2004) .
We also estimate the perceived GRB and core-collapse supernova rates in Fig. 8 , following Langer & Norman (2006) . Remarkably, comparison with the rate of core-collapse supernovae clearly indicates that the GRB rate according to the CHES does not follow the average cosmic star formation history (cf. Langer & Norman 2006) . The observed SN and GRB rates are expected to peak at redshifts of z 1.8 and z 2.8, respectively. Our model also predicts a higher fraction of GRBs at high redshifts (i.e., more than 20% at z > 6; more than 50% at z > 4), than previous theoretical estimates (Natarajan et al. 2006; Bromm & Loeb 2006) . This is because we do not consider the instrumental detection limit here, and because GRB progenitors are limited to metallicities below Z = 0.004 according to our model.
In Fig. 9 , we present the perceived GRB rate as a function of both metallicity and redshift. Assuming all GRBs are perceived supernova and GRB rate as function of redshift on an arbitrary scale, according to our GRB progenitor models, and for the specified cosmic metallicity evolution. The GRB rate is multiplied by a factor of 187.48, which is the perceived average ratio of SNe to GRBs in the universe, according to our models. Lower panel: perceived cumulative number of SNe and GRBs as function of redshift. The GRB number has been multiplied by a factor of 187.48. The Y-scale is arbitrary but the same for both curves. observable, the highest probability to find a GRB is located around Z ≈ 0.002 and z ≈ 3. A rather high probability to detect a GRB persists to the corner of Z 10 −3 and z > ∼ 6, as our GRB progenitor models predict a higher GRB/SN-ratio for lower metallicity (Fig. 6 ). Future Swift observations will be a strong test to the predictions of our models (cf. Jakobsson et al. 2006 ).
Observational implications
The CHES predicts an evolution for metal-poor rapidly rotating massive stars which drastically differs from the commonly accepted evolutionary picture: instead of forming an onion-skin structure and evolving to larger radii, stars avoid a chemical layering and only become more compact in the CHES evolution. Two things should be done before accepting the such extreme difference in evolution may indeed exist in nature: to elaborate all potential observable consequences, and then to rigorously test these predictions. In the preceding sections, we have worked out one of the most striking observational consequences of the CHES: the production of long GRBs, and their rate and metallicity at various redshifts. However, the CHES has more important implications. . Gray-shaded contour map (in color in the electronic version) of the perceived GRB rate with an arbitrary normalization, according to our GRB progenitor models and for the specified cosmic metallicity evolution, in the plane of redshift and metallicity.
GRB observations
Concerning long GRBs, one of the most important prediction of the CHES is that of a strong bias of GRBs to low metallicities. While this is an inherent prediction of the collapsar scenario (see MacFadyen & Woosley 1999) due to the inescapable angular momentum loss by Wolf-Rayet winds which is stronger at higher metallicity (Vink & de Koter 2005) , the CHES models allow to quantify this. Our present calculations imply that GRBs in the CHES frame should be restricted to metallicities below Z 0.004. It is important to point out this limit should apply to the abundance of iron, since this is the most important metal for wind driving in hot stars for not too small metallicities (Z > ∼ 0.0002; Vink & de Koter 2005) .
The estimated metallicity of some GRB host galaxies appears to be higher than this limit. For instance, the host galaxy of GRB 980425 has a metallicity of ∼0.5 Z , which corresponds to Z = 0.006−0.01 depending on the value of Z (although the region where GRB 980425 actually occurred within this galaxy appears to have a lower metallicity; Hammer et al. 2006) . However, as discussed in Sect. 3.2, the Wolf-Rayet mass loss rates constitute still a major uncertainty of the models. The discussion of the effect of wind clumping on these mass loss rates is ongoing, and a further reduction of the mass loss rates is far from excluded, which would result in an increase of the limiting metallicity for GRB production within the CHES. Future quantitative studies of stellar winds from rotating WR stars will be particularly important for better constraining the upper metallicity limit for single star GRB progenitors.
The CHES models from the grid provided in this paper also allow to predict the distribution of initial and final masses of GRB progenitors. With the distribution of rotational velocity given by Fig. 5 , most GRB progenitors according to our models are predicted to have initial masses of about 25 ∼ 30 M on average. This is significantly higher than average initial mass of core collapse supernovae, and may be relevant to the recent finding by Fruchter et al. (2006) that GRBs preferentially occur in brighter regions of their host galaxies than normal core collapse supernovae. The amount and distribution of angular momentum in the core of GRB progenitors, their final masses, their surface abundances, and their mass loss history -all things provided by the presented model grid (cf. Tables 5-7) -have important implications for GRB observations (e.g., van Marle et al. 2005 Marle et al. , 2006 . For instance, GRB progenitors at lower metallicity should have, on average, higher angular momentum and stronger magnetic fields in the core, as discussed in Sect. 4, which might lead to more energetic GRBs at high redshifts. Our models also show that some GRB progenitors have a thick helium envelope, which may be associated with type Ib supernovae, rather than type Ic. We will discuss these important issues in a forthcoming paper in more detail (Cantiello et al., in preparation).
Hypernovae
The models presented in Sect. 4 and in Tables 5-7 predict a continuum of final core angular momenta, reaching from values of several times those required for collapsar formation down to values which are more than one order of magnitude below this (and are consistent with the spins of young neutron stars). Core angular momenta in the vicinity of, but below, the collapsar threshold may still cause considerable effects at the time of iron core collapse. It will be interesting to investigate which fraction of the CHES models are in that range, what their masses and metallicities are, which fractions form neutron stars and black holes, and to compare this with the observed properties of hypernovae (Nomoto et al. 2005 ).
Early universe
Our models with Z = 0.00001 imply that GRBs could also be produced abundantly from very metal poor populations, including the first stars in the universe, if some of them are born with large enough angular momentum. Although the probability to detect GRBs from Population III stars is limited by the limited number of Pop III stars (Wise & Abel 2005; Bromm & Loeb 2006) , their progenitors may significantly affect the evolution of the early universe. The feature that the CHES models evolve to higher surface temperature already during core hydrogen burning, and have very high effective temperatures (up to 200 000 K; cf. YL05) later on. A detailed study of rapidly rotating Pop III stars in the context of the reionization of the universe may thus be a subject of interesting future work.
Chemical evolution
Quite obviously, the chemical yields of stars evolving within the CHES are quite different compared to the usual case. For instance, the metal cores of these stars are much larger compared to those of stars which evolve conventionally. However, additionally, the strong rotationally induced mixing triggers the formation of isotopes which are considered as secondary through primary nucleosynthesis. Most markedly, nitrogen can be enhanced by huge factors in this way, as demonstrated by the surface abundances of nitrogen displayed in Tables 5-7 . Recently, Chiappini et al. (2006) found strong primary nitrogen production in rotating very low metallicity massive star models. The models presented here may show an even stronger enhancement of the nitrogen yield. This may be related to observations of extremely metal-poor halo stars in our Galaxy, as well as nitrogen abundances in metal-poor galaxies.
Young star clusters
The obvious place for testing massive star evolution models is young star clusters. The problem with doing this for the CHES requires to find young clusters which have a low enough metallicity to allow for significant CHES effects. The only obvious cluster in this respect is NGC 346 in the SMC. Bouret et al. (2003) and Mokiem et al. (2006) find indications of the CHES to be realized for some stars in this cluster; however a more thorough investigation of this point appears worthwhile.
It should be noted that the CHES might not be irrelevant at larger metallicity. Although the increased main sequence winds disallow for chemically homogeneous evolution throughout, an incomplete CHES might apply: the most rapid rotators might undergo quasi-chemically homogeneous evolution for a fraction of their main sequence life, until the wind induced spin-down allows for the built-up of a chemical barrier inside the star. From that time on, the star would follow the standard evolutionary picture, i.e. form a core-envelope structure, but the envelope will the be already considerably enriched in CNO-burning products (cf. Maeder 1987; Langer 1992 ).
Metal-poor star forming galaxies
It is also interesting to note that our results presented in Fig. 3 suggest a different formation channel of WR stars at low metallicity. Traditionally, stellar wind mass loss has been regarded as the unique WR formation mechanism from single star progenitors. In particular, recent work by indicates that in their rotating models without magnetic torques, the mass loss rate increases dramatically during the giant phase due to the surface enrichment of CNO materials induced by the shear instability, as a strong degree of differential rotation between the helium burning core and the hydrogen envelope persists. As a consequence, their models could predict a number ratio of WR to O stars consistent with observations, while nonrotating stellar models predicted too few WR stars, especially at low metallicity.
In our models with magnetic torques, strong shear mixing does not occur, as the degree of differential rotation is significantly weakened due to the magnetic core-envelope coupling. Therefore, if magnetic torques are important (cf. Sect. 1), CHES evolution may be the essential way to form WR stars at low metallicity. Our models at Z = 0.004 indicate that the WR/O ratio could reach a few percent at this metallicity for constant star formation, which is compatible with the observed WR/O ratio in SMC. Although the WR/O ratio may increase at higher metallicity due to the increased role of stellar winds, it is not expected to decrease for lower metallicity even down to Z = 0.00001, as most WR stars are produced through the CHES channel at Z < 0.004. This could explain observationally implied high WR/O ratios in metal poor WR galaxies (e.g. Fernandes et al. 2004; Crowther & Hadfield 2006) as well as in some metal-poor GRB host galaxies (Hammer et al. 2006 ).
Conclusions
Within the quasi-chemically-homogeneous evolution scenario (CHES) for GRB progenitors (YL05; WH06), we investigate the dependence of the GRB rate on metallicity and redshift, for the first time based on a grid of detailed massive star evolution models which include differential rotation and magnetic torques. We summarize our results as follows.
1. If the quasi-chemically homogeneous evolution scenario (CHES) provides the major channel for GRB production, most GRBs should occur at low metallicity. Our models predict a metallicity threshold of Z < ∼ 0.004, which is, however, subject to uncertain Wolf-Rayet mass loss rates. A reduction of the Wolf-Rayet mass loss rates, as currently discussed in the context of wind clumping, would lead to an increase of the metallicity threshold for GRB production through the CHES. Recent observations seem to imply that long GRBs may indeed prefer low metallicity environments, but quantitative comparisons are still difficult. A low-metallicity bias implies that GRBs are not an unbiased tracer of star formation ( Fig. 8 ; Langer & Norman 2006) . 2. The number ratio of GRBs to core-collapse supernovae as predicted by the CHES increases with decreasing metallicity (Figs. 3 and 6) , as the Wolf-Rayet mass loss from quasichemically-homogeneously evolving stars becomes weaker. As a consequence, the CHES predicts a rather high GRB rate even at very low metallicity (Z < ∼ 0.001) and at high redshifts (z > 6; Figs. 8 and 9). For a standard cosmology (Ω M = 0.3, Ω Λ = 0.7), GRBs at Z ≈ 0.002 and z ≈ 3 will be most commonly observed. These predictions need to be tested by future observations. 3. Our models predict that at least some supernovae associated with GRBs should be of type Ib, which may be an interesting future test case for the CHES. 4. The CHES predicts a number ratio of GRBs versus corecollapse supernovae of about 8 × 10 −4 in the local universe, and about 5 × 10 −3 in an unbiased sample throughout the universe. These numbers may suffice to account for the observed number of GRBs, and may not require to invoke exotic binary evolutionary channels to produce long GRBs, as discussed by Langer & Norman (2006) . 5. Before being accepted, the CHES needs to pass a number of observational tests (cf. Sect. 6), each of which deserves its own careful investigation. Those refer to properties of GRBs, their associated supernovae or circumstellar media, hypernova properties, chemical signatures in metal poor stars or galaxies, and the stellar content of young metal poor star clusters and metal poor star forming galaxies. No. [yr]
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